The origin of the isotopically anomalous magnesium components reported to have been discovered in high-temperature mineral inclusions of carbonaceous chondrites can be attributed to the alterations of the isotopic composition caused primarily by high-energy proton reactions, which occurred within the solar system when the Sun was in its T-Tauri phase.
Variations
in the isotopic composition of recently pointed out the possibility, however, magnesium in the Allende meteorite which that the linear Al-Mg correlation of the meteo were not attributable to isotopic fractionation rite CAI which has been usually interpreted as a were discovered independently by Gray and "true" isochron may represent more or less a Compston (1974) and Lee and Papanastassiou two-component mixing line and he emphasized (1974) . Lee et al. (1977) found large excesses the importance of further studies on the Al-Mg of 26Mg of up to 10 percent in different phases system of meteorite CAI's to establish its chro of a Ca-Al rich inclusion in the Allende mete nological meaning . orite. They concluded that the data provided Shortly after the magnesium anomalies in definitive evidence for the presence of 26 Al the meteorites were discovered in 1974, Kuroda (half-life 7.3 X 105 years) in the early solar (1975) reported that the anomalies observed in system and stated that the initial 26Al/27A1 ratio magnesium are related to those observed in was (5.1 ± 0.6) X 10-5 (atom/atom). Wasserburg oxygen and xenon and they are likely to be and Papanastassiou (1982) have recently pre attributable to an early irradiation of the solar sented a detailed discussion on the subject of system. Heymann and Dziczkanic (1976) then magnesium anomalies observed in various mete attempted to explain the 26Mg anomalies in orites. They stated that the source of the short terms of proton bombardment of a gas of solar lived nuclei, such as 26 Al and i°7Pd, could be composition . According to this model, a signifi either the result of an intense irradiation (> 102° cant fraction of 26Mg in the irradiated gas is protons/cm2) within the solar system or the stored temporarily in the form of radioactive product of nucleosynthesis in stellar interiors 26 Al by the reaction 26Mg (p, n) 26 Al. They prior to formation of the solar system, but their assumed proton fluxes of 1017 to l019 (p/cm2/y) current view was that the general isotopic effects at 1 million volts and noted that their model were representative of nucleosynthesis in stars was able to explain the magnesium and neon prior to solar system formation.
They also anomalies, but not the oxygen anomalies. noted that the number of stellar sources was Clayton et al. (1977) discussed the idea, that unknown but a variety of astrophysical sites and energetic particle irradiation of grains forming processes were required. A similar view was also in the early solar system may be responsible for expressed by Fowler (1984) (see also, Lorin the isotopic anomalies found in meteorites. et al., 1977; Hutcheon et al., 1978; Stegmann He concluded that a proton fluence greater than and Begemann, 1981). Nakamura (1985) has 2 X 1020 (p/cm2) must not have irradiated surviving solids and, in considering astrophysical problems that plague the irradiation model, the attribution of isotopic anomalies to early solar irradiation was unconvincing. In the following year, Lee (1978) also attempted to explain the 160 and 26A1 anomalies by a local irradiation model. He used a model in which it was assumed that a small parcel of solar system matter was irradiated by protons from the primeval Sun with a total fluence of 2.2 X 1025 (p/cm2 ). Most of 170 and 180 in the target was destroyed by (p, a) reactions so that only 160 survived, while "Al was produced by the (p, n) reaction on 26Mg. It was possible to explain the 160 and 26A1 anomalies by this model, but not the isotopic anomalies observed in xenon. Soon thereafter, Lee (1979) changed his mind about an early irradiation model, however, and he reported that the neutron flux as large as 1020 cm-2 s-1 would be needed to explain some of the anomalies observed in heavier isotopes and such an intense burst was exceedingly difficult to occur in the solar system. For these reasons, he felt that at least some isotopic anomalies were to be explained by an extra-solar source.
In a series of papers published during the past decade, we have argued that the isotopic anomalies observed in meteorites are to be attributed to the alternations of the isotopic compositions caused by a combined effect of (a) mass-fractionation, (b) spallation and (c) neutron-capture processes, which occurred during the early history of the solar system when the Sun was in its T-Tauri phase (Kuroda, 1971; 1982a, b; Kuroda et al., 1975; Saebo and Kuroda, 1985a, b; Kuroda and Bakhtiar, 1985) . The purpose of this note is to point out the fact that the isotopic anomalies observed in magnesium in meteorites are essen tially those which can be predicted on the basis of the same model.
Recent observational and theoretical evi dence support the idea that the young Sun passed through a high-activity or T-Tauri phase. According to Worden et al. (1981) , the flux of high energy protons (E l0MeV) may have been as large as 2 X 108 cm-2 s-1 at I AU. Feigelson (1982) has reported a proton flux of about 4 X 106 cm-2 s-1 at 1 AU for the young Sun. If it is assumed that the T-Tauri phase lasted for a period of 10' years, the total high energy proton fluence (F) received by the solar system material at l AU is calculated to be 1.2 X 1021 6 X 1022 (p/cm2 ).
The values of partial cross sections (in millibarns) for production of various nuclides from collisions of six major cosmic-ray nuclides (12C, 160, 20Ne, 24Mg, 28Si and 56Fe) with hydrogen at energies greater than 2.3 GeV/ nucleon were compiled by Shapiro (1971) and we shall use these values and the values of proton fluence (F) obtained above to calculate the extent to which the isotopic composition of magnesium in meteorites may have been altered by the spallation reactions during the T-Tauri stage of our solar system. 
where N28 and N56 are the cosmic abundances of 28Si and 56Fe, respectively; 028 and 056 are the cross-section values for the formation of 26Mg from 28Si and 56Fe, respectively. According to Anders and Ebihara (1982) Anders and Ebihara (1982) , the alteration of the abundance of 26Mg is calculated to be 2.6 X 10-4 or 0.26 (permil) for F = 1021 (p/cm2). If a value of F = 1022 (p/cm2) is used for the calculation , we have AN2C/N26 = 2 .6 (permil).
It is to be noted here that the cosmic abun dance values of 24Mg and 25Mg arc 8 .49X 105
Anomalous magnesium isotopes in meteorites 313 (= N24) and 1.07 X 101 (= N25), respectively (Anders and Ebihara, 1982) . It follows then that the abundances of 24Mg and "Mg will be similarly affected by 3.6 X 10-5 and 2.9 X 10-4, respectively. When normalized to 24Mg, these values correspond to 0.224 and 0.254 (permil), respectively, for F = 1021 (p/cm, ). According to Wasserburg and Papanastassiou (1982) , FUN samples are extremely rare and only a few have been identified (C-l, EK1-4-1, EGG-3, and HAL). The sample showing the largest fractionation in Mg is C-1 that also exhibits negative S26Mg = -1.8 ± 0.2 (permil) in all Mg-rich phases. The presence of excesses of 26Mg in cases where the enrichments are larger than 5 per mil has been established for a large number of Ca-Al-rich inclusions in Allende, Murchison, and Leoville. So far, such effects are only found in those phases with "Al/"Mg 10. The fact that 26Mg is deficient in the Allende inclusion C-1 suggests that this inclusion was exposed to a smaller dose of high energy protons than the average solar system material during an early irradiation period.
It is to be noted here that the calculations of the values of AN26/N26 which have been carried out above were based on a model that the chemical elements, which were uniformly distributed throughout the solar system, were irradiated with high energy protons. The values of 0.26 and 2.6 (permil) obtained above, there fore, should not be interpreted in such a manner that these are maximum deviations in the 26Mg/ 24Mg ratio within the solar system . The varia tion in the 26Mg/24Mg ratios in high temperature mineral inclusions in the meteorites are expected to be much greater than a few permils depending on the chemical compositions of the Ca-Al rich minerals. If the Al/Mg ratios in these minerals were very high, the isotopic anomalies observed should be also very large. We have therefore carried out the calculation of the values of 5(16 Mg) by the use of equation (1) for various values of F as a function of the 27Al/24Mg ratio, as shown in Fig. 1 . The magnesium isotope data reported by Wasserburg and Papanastassiou (1982) are also plotted here.
In calculating the values of S26Mg by the use of equation (1) for various values of F as a function of the 27A1/24Mg ratio, it was assumed that small particles, which later became the high temperature mineral inclusions found in the carbonaceous chondrites, were irradiated with high-energy protons and the chemical composi tion of these particles was such that magnesium alone was depleted relative to the neighboring elements whose abundances relative to silicon was the same as their cosmic abundance values. This may not have been the case, and the contributions from such elements as Al and Ca, which are highly enriched in the CAI's, may have been a dominant factor, but in view of the lack of cross-section data for these elements, we felt that it was worthwhile to carry out these order of magnitude calculations at this time. Figure 1 shows that the S26Mg values for the Ca-Al inclusions (melilite, hibonite and spinel) lie along the line corresponding to F = 5 X 1019 (p/cm2), while the values for the Allende inclu sions WA (anorthite-B, anorthite-G, melilite, spinel and fassaite) lie along the line correspond ing to F = 1.4 X 1020 (p/cm2). The S26Mg values for the inclusions EGG-2 and EGG-3 lie along the line corresponding to F = 2.2 X 1020 (p/cm2), whereas the data point for EGG-1 falls on the line corresponding to F = 1.4 X 1020 (p/cm2). It is interesting to note here that the inclusion L4 (Leoville) lies near the line corresponding to F = 1021 (p/cm' ). Although Wasserburg and Papanastassiou (1982) have reported that these data points lie along lines A, B, C and D corres ponding to isochrons with slopes for 26A1/27Al ranging from 10-g to 0, it seems to be more reasonable to interpret these data in such a manner that they are providing us with infor mation concerning the locations where these minerals were formed and irradiated with high energy particles. Table 1 shows the distances of the planets from the Sun and relative values of the proton fluences (F). Here, the value of F for the Earth is arbitrarily taken to be equal to 1.00 X 1021 (p/cm2). The fact that the S26Mg values for the Ca-Al inclusions (melilite, hibonite and spinel) The data were taken from the report of Wasserburg and Papanastassiou (1982) . It is perhaps important to note here that we have so far not considered the possibility that 2 6A1 was also produced by high -energy proton induced nuclear reactions such as 26Mg (p , n)26 Al (Heyman and Dziczkanic, 1976; Clayton et al., 1977; Lee, 1978) or 29Si (p, U)16 Al. There is certainly no doubt that a significant amount of 26A1 was produced by these and/or some other reactions which occurred during an early irradia tion period. According to Shapiro (1971) , the partial cross-sections for production of "'Al from 28Si and "'Fe are 52 and 10 (millibarns), respectively, at proton energies greater than 2.3 GeV/nucleon. It is therefore quite possible that "Al and 26Mg were both produced from 28Si and 56Si and 56Fe with comparable yields and the subsequent decay of 26A1 to 26 Mg has contri buted to the production of excess 26Mg in mete orites. In that case, the enrichment of 26Mg calculated by the use of equation (1) may be considerably lower than the actual value. However, we are attempting here to carry out an order of magnitude calculation of the relation ship between the magnesium isotope data and the total fluence of high-energy protons and the fact that we were unable to consider the effects of these other nuclear reactions because of the lack of cross-section data, is not likely to change the conclusions.
Previous investigators have attempted to explain the magnesium anomalies by considering the 26Mg (p, n)26 Al alone and apparently such an approach does not lead to a unified theory of isotope anomalies which is universally applicable to the anomalies observed in various other elements such as oxygen, neon and xenon.
